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Human macrophage metalloelastase is a member of
the matrix metalloproteinase family and is involved
in degradation of elastin. We investigated the ultra-
violet modulation of human macrophage metallo-
elastase in human skin in vivo. Ultraviolet induced
human macrophage metalloelastase mRNA maxi-
mally (11.9-fold) within 16 h post-ultraviolet in
human skin. This induction of human macrophage
metalloelastase by ultraviolet was inhibited by pre-
treatment with the antioxidant N-acetyl cystein
(20%) and vitamin E (5%) by an average of 54% and
47%, respectively, in human skin in vivo. Ultraviolet
(30 mJ per cm2) and phorbol ester (12-O-tetradeca-
noyl-phorbol-13-acetate, 50 nM) treatment increased
expression of human macrophage metalloelastase
mRNA and protein in the cultured human dermal
®broblasts, but not in the keratinocytes. Chronically
sun-exposed human skin expressed signi®cant
amounts of human macrophage metalloelastase
protein, which colocalized with the material of solar
elastosis, whereas there was little expression in sun-
protected skin of the same individuals. This study
demonstrates that ultraviolet irradiation increases
human macrophage metalloelastase expression in
human skin in vivo, possibly in macrophages and
®broblasts, and ultraviolet-induced expression of
human macrophage metalloelastase can be inhibited
by antioxidant (N-acetyl cystein and vitamin E) pre-
treatment. Association of human macrophage metal-
loelastase with elastotic material suggests that it may
play an important role in the development of solar
elastosis, the hallmark of sun-induced damage in
human skin in vivo. Key words: ®broblasts/MMP-12/N-
acetyl cystein/vitamin E. J Invest Dermatol 119:507±512,
2002
M
atrix metalloproteinases (MMP) comprise a
family of structurally related matrix-degrading
enzymes that play a major role in destructive
processes including in¯ammation (Woessner,
1991), tumor invasion (Mignatti et al, 1986;
Khokha et al, 1989), and skin aging (Fisher et al, 1996; Varani
et al, 2000).
Human macrophages have the capacity to produce several
MMP including interstitial collagenase (MMP-1), stromelysin
(MMP-3), 92 kDa gelatinase (MMP-9), and human macrophage
metalloelastase (HME, MMP-12) (Welgus et al, 1990; Shapiro et
al, 1993).
HME (MMP-12) is a member of the MMP family, and is
the most active MMP against elastin (Shapiro and Senior,
1998). HME has been shown to participate in the degradation
of elastic ®bers in the process of emphysema (Hautamaki et al,
1997), granulomatous skin disorders (Vaalamo et al, 1999), and
actinic damage (Saarialho-Kere et al, 1999).
Photoaging refers to premature skin aging caused by repeated
sun exposure (Uitto, 1986; Gilchrest, 1996). Histopathologic
changes in chronically photodamaged skin include basophilic
degeneration of collagen and excessive deposition of elastotic
material in the upper dermis (Mera et al, 1987; Montagna et al,
1989; Taylor et al, 1990; Warren et al, 1991). Recently, it has
been suggested that excessive matrix degradation by proteolytic
enzymes secreted from the various cells such as keratinocytes,
®broblasts, and in¯ammatory cells may play an important role in
the development of photoaging. Ultraviolet B (UVB) induces
expression of MMP-1, MMP-3, and MMP-9 in normal human
epidermis in vivo (Fisher et al, 1996). UVA induces expression
of MMP-1 by dermal ®broblasts in vivo and expression of
MMP-1, MMP-2, and MMP-3 in culture (Scharffetter et al,
1991).
We have investigated the acute effects of UV on the
expression of HME (MMP-12) in human skin in vivo and
cultured skin cells in vitro, and the regulation of HME by
antioxidants N-acetyl cystein (NAC) and vitamin E in vivo. We
also examined HME expression in sun-exposed and sun-
protected human skin of the same individuals, as a function
of age (20±80+ y). We demonstrate that UV irradiation induces
HME mRNA and protein expression in human skin in vivo and
cultured ®broblasts, and antioxidants NAC and vitamin E can
reduce UV-induced increase of HME mRNA in human skin
in vivo. Expression of HME protein is increased in regions of
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solar elastosis, suggesting that it is responsible, in part, for
damage to skin elastic ®ber, which is universally observed in
photoaged human skin.
MATERIALS AND METHODS
UV irradiation and skin samples Healthy adult Caucasian subjects
(13 subjects, ®ve male, eight female; age range 20±29 y), with light to
mild skin pigmentation, were irradiated with four F36T12 ERE-VHO
UVB tubes (UVB/UVA2 source), as described previously (Fisher et al,
1996). A Kodacel TA401/407 ®lter was mounted 4 cm in front of the
tubes to remove wavelengths below 290 nm (UVC). Irradiation intensity
was monitored using an IL 1400 A phototherapy radiometer and an
SED240/UVB-1/W photodetector (International Light, Newburyport,
MA). Minimal erythema dose (MED) for each subject was determined
24 h after irradiation. Irradiated and nonirradiated skin samples were
obtained from each subject by punch biopsy, as described previously
(Fisher et al, 1991). NAC (20%) and vitamin E (5%) and their vehicles
(water for NAC; 70% ethanol, 30% propylene glycol for vitamin E)
were applied to skin under light-tight occlusion 24 h before UV
treatment. For studies with multiple time points or treatments, tissues
were obtained from each subject for each time point or treatment.
HME protein immunostaining was determined in a separate group of
healthy adult Korean subjects (12 men and nine women, three subjects
in each decade of age from 20s to 80s). Each subject provided both
buttock and facial (crow's feet area) skin samples. Two millimeter and
4 mm punch biopsy specimens were obtained from the face and buttock,
respectively. The specimens for immunohistochemical stain were ori-
ented immediately into a cryomatrix (Shandon, Pittsburgh, PA) and
stored at ±70°C.
This study was approved by the Institutional Review Board at the
University of Michigan and the Seoul National University Hospital, and
all subjects gave written informed consent.
RNA isolation and semiquantitative reverse transcription
polymerase chain reaction (RT-PCR) assay for mRNA
levels Total cellular RNA was puri®ed by guanidine-thiocyanate
extraction (Stratagene, La Jolla, CA). Isolated RNA samples were
subjected to electrophoresis on 1.2% agarose gels to assess quality and
quantity. For quantitation, mRNA levels were assayed by RT-PCR
analysis. Brie¯y, cDNA was prepared using a constant amount of total
cellular RNA (1 mg), reverse transcriptase, and random oligo primers.
The cDNA was ampli®ed in the presence of speci®c primers for HME
(5¢-GAA GCC AGA AAT CAA GTT-3¢ and 5¢-TCA AGC AAG AAT
GGA CAA-3¢) and the internal control 36B4 (5¢-CAG CTC TGG AGA
AAC TGC TG-3¢ and 5¢-GTG TAC TCA GTC TCC ACA GA-3¢),
using three thermocycler conditions of 1 min at 94°C, 1 min at 55°C,
and 1.5 min at 72°C. Thirty-three cycles were used for HME and 25
cycles for 36B4. Reaction products were subjected to electrophoresis on
1.2% agarose gel, visualized with Vistra Green (Molecular Probes,
Eugene, OR), and quanti®ed by STORM PhosphorImager. The PCR
product (MMP-12, 594 bp; 36B4, 556 bp) was sequenced and
con®rmed as real MMP-12 and 36B4 band (data not shown). No PCR
products were obtained in control reactions in which reverse
transcriptase was omitted.
Northern blot analysis Total RNA was isolated from the cultured
human dermal ®broblasts and keratinocytes, respectively, and hybridized
against [32P]-labeled HME and 36B4 cDNA probes, as described
previously (Fisher et al, 2000). Hybridization signals were quanti®ed by
STORM PhosphorImager (Molecular Dynamics). Hybridization of 36B4
was used as an internal control to normalize all results.
Western blot analysis Human dermal ®broblasts were maintained in
Dulbecco's modi®ed Eagle's medium (DMEM) supplemented with 10%
fetal bovine serum (FBS), 2 mM glutamine, and antibiotics. After
starvation for 24 h in DMEM without FBS, human dermal ®broblasts
were irradiated with UV or treated with 12-O-tetradecanoyl-phorbol-
13-acetate (TPA) and incubated for indicated periods. At the end of
incubation, the supernatants corresponding to equal amounts of total
cellular proteins were concentrated 20 times with Centricon 10
concentrating units (Amicon, Bedford, MA), separated on a 12% sodium
dodecyl sulfate polyacrylamide gel, and transferred to a nitrocellulose
membrane (Amersham Pharmacia Biotech, Piscataway, NJ). HME was
determined with a monoclonal antihuman HME (1 mg per ml dilution,
R&D Systems, Minneapolis, MN) by Western blot analysis, as described
previously (Chung et al, 2000).
Immunohistochemical staining Serial frozen sections of 8 mm
thickness were mounted onto silane coated slides (Dako, Glostrup,
Denmark), ®xed in acetone, and stained with monoclonal antibodies to
human HME (R&D Systems) or human macrophage marker CD68
(Biomeda, Foster City, CA). Antibodies for HME and CD68, diluted
1:200, were applied for 1 h at room temperature. After rinsing in
phosphate-buffered saline, sections were visualized by means of an LSAB
kit (Dako, Glostrup, Denmark), which employed a biotinylated
secondary antibody and horseradish±streptavidin conjugate. 3-Amino-9-
ethylcarbazole was used as chromogenic substrate. Sections were
Figure 1. UV increases HME mRNA expression in human skin
in vivo. (a) Human buttock skin was irradiated with 2 MED of UV
(47% UVB, 18% UVA2, and 9% UVA1). Biopsies were taken at the
indicated times after UV exposure. RT-PCR was performed and
analyzed by PhosphorImager. Data are expressed as a ratio of HME to
36B4, and as fold induction of HME (MMP-12) mRNA relative to
nonirradiated control skin (n = 3 at all time points except n = 6 at 8 h).
(b) Human buttock skin was irradiated with 0.01, 0.1, 1, and 2 MED of
UV. Biopsies were taken 24 h after UV exposure. Data are expressed as
a ratio of HME to 36B4, and as fold induction of HME mRNA relative
to nonirradiated control skin (n = 3). Values are the mean 6 SD. Insets
show representative RT-PCR bands. *p < 0.05 compared with
nontreated control skin.
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counterstained brie¯y in Mayer's hematoxylin. Negative control using
mouse IgG1 showed no immunoreactivity (data not shown).
Statistics Comparisons between treatment groups, in which treated
and control samples were provided by the same subject, were made with
the Wilcoxon signed rank test.
RESULTS
UV irradiation increases HME mRNA expression in human
skin in vivo In order to investigate whether UV irradiation
induces expression of HME mRNA in human skin in vivo, sun-
protected buttock skin was irradiated with 0±2 MED of UV and
skin samples were taken at up to 24 h later. HME mRNA
expression was determined by RT-PCR (Fig 1a). There was very
low expression of HME mRNA in nonirradiated control skin.
Expression of HME mRNA began to increase at 4 h post-UV, and
reached peak expression (11.9-fold) at 16 h post-UV (Fig 1a). UV
dose dependence revealed HME mRNA induction between 0.1
and 2 MED (Fig 1b). No induction of HME mRNA expression
was observed at 0.01 MED of UV.
Antioxidants NAC and vitamin E inhibit UV-induced
increase in HME mRNA in human skin in vivo UV exerts
its effects in skin primarily through generation of reactive oxygen
species. Therefore, we investigated whether antioxidants such as
NAC (20%) or vitamin E (5%) can prevent the UV-induced
induction of HME mRNA in human skin in vivo. As expected, UV
irradiation increased expression of HME mRNA signi®cantly.
Pretreatment of skin with NAC or vitamin E for 24 h prior to UV
exposure partially inhibited the UV-induced expression of HME
by an average of 54% and 47%, respectively (Fig 2).
UV increases HME mRNA and protein expression in
cultured human dermal ®broblasts, but not in cultured
human keratinocytes To determine which skin cells can
express HME mRNA and protein after UV irradiation, human
dermal ®broblasts and keratinocytes were cultured and treated with
UV or TPA. By northern blot analysis, UV irradiation induced
expression of HME mRNA in cultured human dermal ®broblasts
(Fig 3a). Expression of HME mRNA increased at 24 h post-UV.
TPA treatment strongly induced HME mRNA expression at 8 and
24 h after treatment (Fig 3a). By Western blot analysis, UV
irradiation induced expression of HME protein in cultured human
dermal ®broblasts (Fig 3b). Expression of HME protein (active 45
kDa enzyme) began to increase at 24 h post-UV, and increased
signi®cantly at 48 and 72 h post-UV. TPA treatment also induced
HME protein expression from 24 h, and increased HME protein
signi®cantly at 48 and 72 h after treatment (Fig 3b). To guard
against the possibility of contamination by other skin cells,
®broblasts of more than 10 passages were used. In contrast, HME
mRNA expression was not detected in cultured human
keratinocytes treated with either UV or TPA (data not shown).
UV induces expression of HME protein in dermal
®broblasts, but not in macrophages, in human skin
in vivo In order to investigate HME protein expression in
human skin in vivo, buttock skin was obtained at 24 and 48 h post-
UV (2 MED). By immunohistochemical stain, we observed
occasional expression of HME proteins in spindle-shaped cells in
the dermis of UV-irradiated skin in two out of ®ve subjects.
Expression was increased at 24 and 48 h post-UV (Fig 4a),
whereas there was no expression of HME protein in nonirradiated
control skin.
There were many CD68 positive cells in the dermis of control
skin, and UV irradiation increased the number of CD68 positive
cells (Fig 4b). These CD68 positive-cells did not express HME
protein in control or UV-irradiated human skin in vivo, however.
Comparison of HME protein expression between
intrinsically aged and photoaged skin of the same
individuals Finally, we investigated expression of HME
protein during aging and photoaging processes. Subjects were
graded for facial photodamage (grade 1±7), as previously described
(Chung et al, 2001a). Subjects from each photodamage grade were
entered into the study. Skin samples from buttock and peri-orbital
crow's feet area were obtained from each subject (Fig 5a). The
Figure 2. Antioxidants NAC and vitamin E reduce UV induction
of HME mRNA expression in human skin in vivo. Human buttock
skin was treated with 20% NAC, 5% vitamin E, and their vehicles under
occlusion for 24 h. The treated skin was then irradiated with 2 MED
UV and biopsies were taken 16 h later. RT-PCR was performed and
HME mRNA levels were normalized to those of the internal control
36B4. Data are expressed relative to UV + vehicle treated skin. Values
are the mean 6 SD from four subjects. Insets show representative RT-
PCR bands from four subjects. Ctrl, nonirradiated control skin; UV,
vehicle-treated UV-irradiated skin; *p < 0.05 compared with UV +
vehicle treated skin.
Figure 3. UV and TPA induce HME mRNA and protein in
cultured human dermal ®broblasts. Cultured human dermal
®broblasts were irradiated with 30 mJ per cm2 or treated with 50 nM
TPA. Cells were harvested at the indicated times after treatment. (a)
HME and 36B4 mRNA levels were determined by northern analysis.
Inset shows representative northern blot from one of three experiments.
(b) The supernatants corresponding to equal amounts of total cellular
proteins were concentrated 20 times with Centricon 10 concentrating
units. HME protein (active 45 kDa enzyme) levels were determined by
Western analysis. Inset shows representative Western blot from one of
three experiments.
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sun-exposed skin (crow's feet area) showed moderate degree of
solar changes in the upper dermis from grade 4, and the severity of
solar degeneration was increased with higher grades (Fig 5b).
There was modest expression of HME protein in the upper dermis
of grade 1 facial skin, in which we could not observe the solar
elastosis. Moderate to strong expression of HME protein was
detectable in the area of solar changes from grade 2, and the
immunoreactivity of HME protein became stronger with
increasing grades (Fig 5b). The sun-protected skin (buttock)
showed no expression of HME protein in the dermis except
buttock skin from 80+ y old subjects (grade 7) (Fig 5c). Greater
expression of HME only in the sun-exposed skin, but not in the
sun-protected skin of the same individuals, suggests that chronic
UV irradiation may increase HME expression, and this increased
HME may play an important role in the pathophysiology of solar
elastosis.
There were many more CD68-positive cells in the dermis of
photodamaged facial skin than in naturally aged buttock skin from
the same individual (Fig 5b, c). These CD68-positive cells did not
express HME protein.
DISCUSSION
This study demonstrates that UV irradiation induces expression of
HME mRNA and protein in human skin in vivo, and pretreatment
of skin with antioxidants, NAC and vitamin E, reduces UV-
induced increase of HME mRNA. We also demonstrate that
cultured human dermal ®broblasts increase expression of HME
mRNA and protein after UV exposure. In addition, we demon-
strate that HME protein is highly expressed in the area of solar
elastosis in chronically photodamaged skin.
HME was initially found in alveolar macrophages of cigarette
smokers (Shapiro et al, 1993). In addition, HME mRNA has been
demonstrated in macrophages and stromal cells of placenta
(Belaaouaj et al, 1995) as well as in macrophage-like cells in breast
cancer tissue (Heppner et al, 1996). No expression of HME mRNA
has been detected in normal tissues, such as the heart, liver, skeletal
muscle, and kidney, however, by northern analysis (Belaaouaj et al,
1995). In this study, untreated human skin of some subjects
expressed detectable levels of HME mRNA by RT-PCR analysis,
and UV irradiation consistently caused signi®cant induction of the
HME mRNA expression. Saarialho-Kere et al (1999) were unable
to detect substantial mRNA expression for HME in human skin
taken 3 d after acute UVA/UVB irradiation. They suggested that
had they obtained samples 1 d instead of 3 d after provocation, they
might have seen increased in situ expression of HME mRNA in the
dermis.
Reactive oxygen species generated by UV irradiation are critical
for UV-induced signal transduction (Lo and Cruz, 1995; Whisler et
al, 1995), although the mechanism through which they participate
in UV signaling is not clear. The data presented in this study
demonstrate that topically applied NAC and vitamin E inhibited
UV-induced HME induction in human skin, which may partici-
pate in the degeneration of elastic ®ber in chronically sun-exposed
skin. These results indicate that the use of antioxidants to remove
excessive, unwanted free radicals generated by UV is expected to
interfere with UV signaling resulting in UV-induced MMP
induction.
To identify which cell types are able to express HME mRNA
and protein in human skin, cultured human dermal ®broblasts and
keratinocytes were treated with UV and TPA. Only cultured
dermal ®broblasts, but not keratinocytes, showed strong induction
of HME mRNA and protein by UV and TPA. To our knowledge,
this is the ®rst observation that skin dermal ®broblasts can produce
HME mRNA and protein.
We found that spindle-shaped cells in the upper dermis of UV-
irradiated skin in some, but not all, subjects showed immunor-
eactivity for HME. Consistent with our results, a recent study
reported that HME-immunopositive spindle ®broblasts were
detected, not in all skin samples, in the upper dermis of human
skin taken 3 d after acute UVA/UVB provocation (Saarialho-Kere
et al, 1999). In®ltrating macrophages in UV-irradiated skin did not
show immunostaining for HME in our study, however. The
Figure 4. UV induces the expression of HME protein in dermal ®broblasts in human skin in vivo. Human skin was irradiated with 2 MED
of UV and biopsies were taken at the indicated times after UV exposure (n = 5). Immunohistochemical stain of adjacent tissue sections was performed
using (a) antihuman HME or (b) anti-CD68 antibody. Expression of HME protein was observed in the spindle-shaped cells in the dermis from two out
of ®ve subjects. Scale bar: 250 mm.
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reasons why in®ltrating macrophages in UV-irradiated skin did not
produce HME remain to be investigated. HME mRNA and
protein is actively expressed in aortic aneurysm tissue in®ltrating
CD68-positive macrophages (Curci et al, 1998) and in macrophages
in granulomatous skin disorders in areas with no staining for elastic
®bers (Vaalamo et al, 1999). On the other hand, the majority of
normally healing wounds and erythema multiforme showed no
signal for HME, despite abundant macrophage in®ltration
(Vaalamo et al, 1999). Saarialho-Kere et al (1999) were unable to
detect substantial mRNA expression for HME in human skin taken
3 d after UVA/UVB irradiation in either macrophage or stromal
cells. But they could detect a few HME-immunopositive spindle
®broblast-like cells in the upper dermis. These reports suggest that
HME expression seems to be tightly regulated in response to
speci®c signals.
Interestingly, we found abundant immunoreactivity for HME in
the areas of abnormal elastic ®bers in solar elastosis. Consistent with
our result, it has been reported that no in situ expression for HME
Figure 5. Comparison of HME expression between intrinsically aged (buttock) and photoaged (crow's feet area) skin of the same
individuals. (a) Photographic scale used to grade the overall severity of facial photodamage. Both (b) sun-exposed (crow's feet area) and (c) sun-
protected (buttock) skin from subjects with various photodamage were stained with antihuman HME and CD68 antibody. Each photograph is
representative of three subjects. Scale bar: 500 mm.
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mRNA was detected in ®broblasts or in¯ammatory cells including
macrophages in specimens of solar elastosis and keratosis, although
there was abundant immunostaining for HME in the areas of
abnormal elastotic ®bers in both solar elastosis and keratosis
(Saarialho-Kere et al, 1999). Acute UV irradiation increases
expression of HME mRNA and protein in ®broblasts in human
skin in vivo. The amount of HME protein produced in acutely
irradiated skin in some individuals may be too small to be detected
by our methods. Repeated exposure of skin to UV irradiation for
many years stimulates dermal macrophages and dermal ®broblasts,
however, to secrete HME over a long period of time and it
accumulates after years of exposure of skin to UV light in the upper
dermis of chronically sun-exposed skin. Histologically, photoaging
causes accumulation of so-called elastotic material in the upper and
mid-dermis. The mechanisms for this phenomenon are not yet
delineated. Our results suggest that HME induced by UV in human
dermal ®broblasts may play an important role in the accumulation
of elastotic materials as well as in the destruction of elastotic ®bers
in sun-damaged skin.
We did not ®nd immunoreactivity for HME in lower dermis
below solar elastosis, or in normal young skin and less aged (less
than 70 y) normal buttock skin. HME protein started to be
increased in intrinsically aged buttock skin of over 80 y, however.
In the naturally aged skin of old subjects in comparison with young
skin, we demonstrated that the level of MMP-1 and the activities of
MMP-2 and MMP-9 tended to be higher in naturally aged human
skin in vivo (Chung et al, 2001b). Recently, Varani et al (2000) also
demonstrated that the total levels of MMP-1, MMP-2, and MMP-
9 in old skin were elevated, compared with the 18±29-y-old group,
in human sun-protected skin in vivo. Transcription of MMP-1 and
MMP-9, which are elevated in old skin, requires AP-1 for
induction (Fisher et al, 1996). Recently, we observed higher
expression of c-Jun mRNA and protein in old skin, maybe leading
to functional activation of AP-1 in old skin (Chung et al, 2000).
Based on the structure of HME promoter regions, AP-1 can
stimulate transcription of MMP-12. Therefore, increased expres-
sion of MMP-12 in intrinsically aged buttock skin of subjects 80+ y
old may be explained in part by our recent ®ndings that c-Jun is
elevated in old skin (Chung et al, 2000).
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